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Abstract 
 
Porous metallic-organic frameworks (MOFs) consisting of crystalline coordination 
polymers are of interest as materials for heterogeneous catalysis because MOFs are permeated by 
channels with high surface areas and void volumes that promote molecular sorption, feature 
exposed metal ions that react catalytically, have structures and properties that can be modified 
easily via synthesis, and exhibit thermal and mechanical stability in organic solvents. We 
currently are exploring the activity of copper-containing MOFs (Cu-MOFs) for catalyzing 
Huisgen 1,3-dipolar cycloaddition (“Click”) reactions between substituted alkynes and azides. 
Our goals were to determine if Cu-MOFs show catalytic activity, and whether the sorbent 
properties and high density of metal ions present in Cu-MOFs lead to more efficient catalysis of 
Click reactions compared to traditional homogeneous catalysts. Toward that goal, this research 
has focused in two areas: (1) synthesis of substituted triazoles via the “Click” reaction using the 
Cu-MOF Cu(im)2 as the catalyst; and (2) investigation of the reaction rates for those reactions. 
Two triazoles were synthesized by reacting benzyl azide with an equimolar amount of 
phenylacetylene, 1-hexyne, or ethyl propiolate in ethanol 70°C in the presence of 0.1 mol% 
percent of Cu(im)2. This study demonstrated that heterogeneous catalysis was observed in two of 
those reactions. 
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1. Introduction 
 
 Metallic Organic Frameworks (MOFs) have recently become a research topic of interest 
to many scientists due to the wide range of uses for MOFs in various fields of Chemistry. MOFs 
are crystalline nanoporous solids that are similar to inorganic zeolites. The structure of a MOF is 
comparable to that of the network of steel beams and joints that form the skeletons of large 
buildings. The “beams” of a MOF are organic ligands, which are coordinated to transition, 
lanthanide or main group metal ions in a uniform manner forming channels ranging from 4-16 Å 
in diameter that permeate the solid. Various ligands and metals can be used to construct MOFs, 
so it possible to engineer the structures (e.g., cubic, diamondoid, etc.) and porous properties 
(surface area, void volume, hydrophobicity/hydrophilicity, etc.) of MOFs for different tasks by 
constructing them with suitable organic ligands and metal ions.  
 In recent years scientists have become increasingly interested in using MOFs as 
heterogeneous catalysts because many MOFs feature metal ions exposed at the surface of the 
channels with the potential to react catalytically. The use of MOFs as heterogeneous catalysts 
offers several potential advantages over homogeneous catalysts. For instance, MOF solids are 
easy to recover from completed reactions because they do not dissolve, they can be reused for 
multiple runs, and they can catalyze reactions in neat mixtures of reactants in the absence of 
solvent. Furthermore, reactions are catalyzed within the MOF as well as on its outer surface 
giving it an extremely large reactive surface area compared to nonporous heterogeneous 
catalysts, resulting in faster reaction rates. Although the structures and porous behavior of MOFs 
have been investigated over the past decade, the ability of MOFs to catalyze organic reactions 
largely has been ignored until very recently.  
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 Our research group is particularly interested in the catalysis of the Huisgen “click” 
reaction involving 1,3-dipolar cycloaddition of azides and alkynes using copper containing 
MOFs. A paper published by Corma in 2010 reported the catalysis of a “click” reaction 
performed using several copper containing MOFs, but the research focused on a single click 
reaction between benzyl azide and phenylacetylene. Accordingly, it is not known if copper 
containing MOFs will catalyze Huisgen click reactions with other substituted azides and 
acetylenes. 
This project has expanded on the work done by Corma by providing an analysis of a 
copper catalyzed “click” reaction in which 1-hexyne was substituted for phenylacetylene. The 
first phase of this project involved investigating click reactions between both phenylacetylene 
and 1-hexyne with benzyl azide using a copper imidazole MOF and then analyzing the products 
using NMR spectroscopy to determine if catalysis occurred and led to the expected 1,4-
substituted triazole. The second phase of the project involved an analysis of the rates of the two 
reactions using gas chromatography to track formation of product and determine the relative 
rates of the reactions. Previous work in our group examining sorption of polyaromatic 
hydrocarbons such as naphthalene, phenanthrene and pyrene demonstrated that MOFs show 
selectivity toward adsorbing aromatic hydrophobic hydrocarbons. 1-Hexyne was chosen as the 
second alkyne to study in order to determine if replacing the aromatic phenyl substituent on 
phenylacetylene with a nonaromatic alkyl butyl substituent would lead a change in the rate of 
reactivity. This project was carried out as part of a larger study within our group focused on 
examining the general reactivity, and thus the utility of MOFs as heterogeneous catalysts, and 
developing a library of click reactions that can be catalyzed with copper containing MOFs. Since 
click reactions are used widely in the pharmaceutical industry as a reliable and high-yield 
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method to covalently join molecular components, it would be quite beneficial to the wider 
scientific community to establish whether click reactions could be carried out more efficiently 
using MOFs as an alternative to known homogeneous and heterogeneous catalysts currently in 
use. 
2. Background 
 
 Although MOFs are a new and interesting class of porous solids, there are many other 
types of porous solids that are currently being studied and developed. This section provides 
relevant background information describing what porous solids are, the most common different 
types of porous solids, and how structures and properties of MOFs differ. Furthermore, this 
section provides background information on the use of MOFs as catalysts and “click” reactions 
and their scientific uses. 
2.1. Porous Solids 
 
Porous solids are materials that have pores or channels that penetrate their structure and 
that are large enough to admit and allow diffusion of guest molecules. Porous solids usually have 
porosities of 0.95 to 0.2, defined as the ratio of the void volume accessible to guests to the total 
volume occupied by the structure.
[1]
 Porous solids are divided into groups by pore size. 
“Macroporous” (>50nm) solids include such materials as sponges and pumice, “mesoporous” (2-
50nm) solids include such materials as silica gel, and “microporous” (0.2-2nm) solids include 
such materials as zeolites and MOFs.
[2]
 Furthermore, porous solids can be designated as either 
“ordered” or “disordered”. Disordered porous solids have randomly arranged pores that cannot 
be reproduced in a repeating pattern; some examples include gels and organic polymers. MOFs 
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and zeolites are ordered and thus their channels are arranged in predictable and reproducible 
patterns.
[3] 
Porous solids are of scientific interest, because mixtures of guest molecules can flow 
through the channels that permeate the material, and be separated and/or reacted. Also the porous 
nature of these materials gives them an extremely large surface area to volume ratio, which 
means that large amounts of guest molecules can be adsorbed by the materials.
[3] 
2.2. Ordered Microporous Solids 
 
2.2.1. Zeolites 
 
The first ordered microporous solids investigated were inorganic zeolites, which are 
thought to have been discovered in Sweden in 1756. Zeolites are defined by Davis and Lobo as, 
“hydrated, crystalline, tectoaluminosilicates that are constructed from TO4 tetrahedra (T= 
tetrahedral atom eg. Si, Al); each apical oxygen atom is shared between two adjacent tetrahedra.” 
The tetrahedra combine and form sodalite cages, which are the basic building blocks of zeolites. 
These cages can then combine to form a wide variety of different structures featuring channels 
with range of architectures and diameters.
[4] 
Furthermore, since aluminum containing tetrahedra are charged it is common for zeolites 
to contain group I or II metals that balance the charge. Therefore zeolites are often used for ion 
exchange purposes. For instance, zeolites can be used as water softeners, because they take up 
hard cations such as Mg
2+
 and release softer cations such as Na
+ 
contained within the channels.
[5] 
As shown in Figure 1, the cage-like structure of a zeolite has a large interior volume, but 
relatively small openings, which are about 4-12 Å in diameter. The small openings in the cage 
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prevent large molecules from entering, but many small molecules can enter and be stored within 
the cage. This property allows zeolites to be used to separate ions, water, and other small 
molecules from mixtures of larger molecules.
[4]
 Zeolites have also been used as heterogeneous 
catalysts for reactions involving small molecules. However, the small pore sized of zeolites 
prevent them from being used to catalyze reactions involving larger molecules.
[6] 
 
Fig. 1. Zeolites 
 
2.2.2. MOFs 
 
 MOFs are a relatively new class of ordered microporous solid, first discovered about 15 
years ago. MOFs are formed when bi-, tri-, or polyfunctional ridged organic ligands are 
coordinated around metal ions resulting in an ordered crystalline network with uniform channels 
penetrating through the entire structure. MOFs typically have high surface areas (e.g., > 1000 
m
2
/g of material), and void volumes that are accessible to organic guest molecules.
[7]
 MOFs 
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differ greatly from zeolites in the aspect that MOFs are able to accommodate much larger 
organic guest molecules when compared to zeolites because they have larger pores.  
In 2002 Omar Yaghi demonstrated that it was possible to control the size of the pores and 
channels of a MOF by using organic ligands of different lengths as linear building blocks to 
construct the MOF. The structures of several different cubic MOFs containing linear aromatic 
dicarboxylic acids coordinated to Zn(II) ions are shown in Figure 2. For example, Yaghi was 
able to create a MOF with channels 28.8 Å in diameter that resulted in a porous solid in which 
91.9% of the volume of the crystal was void space.
[8]
 Furthermore, the shape of the channels can 
also be tailored to admit certain molecules with complementary shapes. The channels can also be 
made to be chiral, resulting in chiral discrimination between enantiomers.
[9] 
 
 
Fig. 2. Yaghi’s MOFs 
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 2.3. “Click” Chemistry 
 
 The term “click chemistry” was first used Sharpless in a 2001 paper to describe an 
emerging field of organic chemistry that involved using a set of fast, reliable and extremely 
selective reactions to synthesize novel and useful compounds.
[10]
 These so-called “click” 
reactions can be used to join smaller units together by creating heteroatom links between the 
compounds thereby forming a larger and more complex molecule. The process of joining small 
compounds together to form a larger one can often result in low yields, generation of large 
amounts of unwanted side products, and products that are very difficult to purify. However, the 
high selectivity and simplicity of click reactions makes creating complex molecules relatively 
straight forward.
[10]
 Furthermore, it is also possible to run multiple “click” reactions in the same 
experiment, which reduces the number of synthetic steps that need to be carried out. This process 
is known as “one-pot” synthesis. 
   This project focused on one click reaction in particular, known as the Huisgen 1,3-
dipolar cycloaddition of azides and alkynes. This reaction occurs when an azide and an alkyne 
are exposed to heat and/or a catalyst. The three nitrogen atoms of the azide and the two triple 
bonded carbon atoms of the alkyne come together to form a 1,2,3 triazole ring. When a copper 
catalyst is use to catalyze this reaction the 1,4-substituted isomer is produced with almost 100% 
selectivity compared to the 1,5-substituted isomer as shown in Figure 3.
[11]
 This reaction is one 
of the most utilized methods to synthesize triazoles. 
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Fig. 3. The Huisgen 1,3-dipolar cycloaddition reaction 
2.4. MOFs as Catalysts 
 
 Many organic reactions are known to be catalyzed by the presence of metals or metal 
ions in solution. These dissolved metals, which exist in solution as either metal salts or as 
transition metal complexes, are known as homogeneous catalysts. Homogeneous catalysts have 
been shown to be very efficient in catalyzing reactions, but have a number of caveats to their use. 
Homogeneous catalysts can be very difficult to separate from products or to recover from 
solution in completed reactions. Such soluble catalysts are also known to decompose during 
reactions, which can result in loss of catalytic activity and formation of undesired product.
[12]
  
 Scientists have found that MOFs can be used as heterogeneous catalysts because the 
catalytic metal is part of an insoluble framework. MOFs can be designed to incorporate a variety 
of catalytic metals, and the pore size can be tuned to accommodate a range of different organic 
reactants. Therefore, the metals are free to catalyze reactions while remaining insoluble. 
Furthermore, since the MOF can easily be recovered from solution via filtration and then 
evacuated of guest compounds, it is possible to reuse the same MOF in multiple different 
reactions without losing catalytic activity.
[13]
 MOFs can also be used to catalyze reactions that 
take place in the absence of solvent, which are known as “neat” reactions.[12] 
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 In 2010, Corma showed that four different copper containing MOFs could be used to 
catalyze the Huisgen “click” reaction involving 1,3-dipolar cycloaddition of benzyl azide and 
phenylacetylene. The four MOFs used were [Cu(2-pymo)2], [Cu(im)2], [Cu3(BTC)2] and 
[Cu(BDC)] (2-pymo: 2-hydroxypyrimidinolate; im: imidazolate; BTC: benzene tricarboxylate; 
BDC: benzene dicarboxylate). The data for these reactions is shown in Figure 4. The crystal 
structure of the MOF Cu(im)2, which is composed of imidazole ligands coordinated to copper 
ions, is shown in Figure 5. These MOFs all feature large channels and contain high 
concentrations of exposed Cu(II) ions that allow them to catalyze “click” reactions efficiently.[12] 
 
 
Fig. 4. Catalysis of the click reaction between benzyl azide and phenylacetylene by four 
copper containing MOFs. 
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Fig. 5. Structure of Cu(im)2, a catalytic MOF 
 
 Although Corma examined just one “click” reaction between benzyl azide and 
phenylacetylene, we hypothesized that “click” reactions between other substituted azides and 
alkyne also should be catalyzed using copper containing MOFs. Accordingly, we set out to test 
that hypothesis with the goal of testing the reactivity of a small library of alkynes consisting of 
phenylacetylene, 1-hexyne and ethyl propiolate toward benzyl azide to determine if those 
reactions could be catalyzed by the copper MOF Cu(im)2. 
3. Experimental 
 
3.1. Materials and Methods 
 
 Copper(II) nitrate trihydrate was purchased from Acrōs Organics. Phenylacetylene, ethyl 
propiolate, 1-hexyne, and imidazole were purchased from Sigma-Aldrich. Benzyl azide and 
biphenyl were purchased from Alfa Aesar. Sodium hydroxide was purchased from EMD 
Chemical. Ethyl acetate was purchased from Fisher Scientific. 200 Proof ACS/USP grade 
ethanol was purchased from Pharmco-AAPER. X-Ray Powder data was collected with a Bruker 
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AXS D8 Focus with a Cu source. NMR data was collected using a Bruker 500 MHz NMR 
spectrometer. Gas chromatography data was collected using an Agilent Technologies 7890A Gas 
Chromatography System running the following method: 
 The initial temperature was 100
o
C. The temperature was than increased at 10
o
C/min for 
10min reaching a temperature of 200
o
C. The temperature was than increased at 20
o
C/min for 
5min reaching a temperature of 300
o
C. The temperature was held at 300
o
C for 2min. 
 
3.2. Synthesis of Cu(im)2 MOF (pink polymorph) 
 
  
 
 
Fig. 6. Synthesis of Cu(im)2 
The synthesis of Cu(im)2 was carried out according to the procedure described below.
[14] 
To a 150mL flask was added 2g of imidazole and 50mL of a 0.05M aqueous solution of 
Cu(NO3)2•3H2O. The solution was set to stir at room temperature (~25
o
 C). A 0.1M aqueous 
solution of sodium hydroxide was added to the flask drop wise until the formation of a reddish 
purple precipitate was observed. Precipitate was removed via suction filtration and washed with 
ethanol. Additional sodium hydroxide was added to the supernatant and additional precipitate 
was removed until the supernatant became colorless. Some of the precipitate was olive colored 
when first recovered, but gradually took on the reddish-purple color as it dried. The precipitate 
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was set to dry under high vacuum overnight. Dried product was characterized using powder X-
ray diffraction (PXRD). The PXRD trace obtained from the Cu(im)2 solids is shown in Figure 7. 
 
Fig. 7. PXRD Trace of Cu(im)2 (Pink Polymorph) 
 
3.3. Synthesis of triazoles via “click” reaction 
 
 The synthesis of the products of reactions 1-3, shown in Figures 8, 10 and 12, 
respectively, were carried out according to the procedures described below. To a 50 mL round 
bottom flask was added 0.1 mol% Cu(im)2 MOF, and 6mL of ethanol. The flask was connected 
to a reflux condenser and heated to 70
o
C. To the flask were added 1.2 mmol of benzyl azide and 
1mmol of alkyne (phenylacetylene, 1-hexyne, or ethyl propiolate). The reaction was left to stir 
for 3hr (phenylacetylene) or 24hr (1-hexyne and ethyl propiolate) under a N2 atmosphere. After 
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the reaction was complete Cu(im)2 was removed via filtration and ethanol was removed via roto-
vap. The product was left to dry under high vac overnight. Products were characterized via H1-
NMR spectroscopy. 
 The 1H NMR spectra for reaction products 1-3 were recorded in CDCl3 using a 500MHz 
Bruker NMR and are shown in Figures 9, 11 and 13, respectively. 
Product of reaction 1: 
 
 
Fig. 8. Reaction 1 
Light yellow solid; 1H NMR (500 MHz, CDCl3): δ= 7.80 (m, 2H), 7.66 (s, 1H), 7.39 (m, 5H), 
7.32 (m, 3H), 5.58 (s, 2H). 
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Fig. 9. H1-NMR Spectrum of the Product of Reaction 1 
 
Product of reaction 2: 
 
 
Fig. 10. Reaction 2 
Dark yellow solid; 1H NMR (500 MHz, CDCl3): δ= 7.4-7.24 (m, 5H), 7.17 (s, 1H), 5.49 (s, 2H), 
2.68 (t, 2H), 1.62 (quin, 2H), 1.36 (sex, 2H), 0.91 (t, 3H). 
21 
 
 
Fig. 11. H1-NMR Spectrum of the Product of Reaction 2 
 
Product of reaction 3: 
 
 
Fig. 12. Reaction 3 
Blue-green Oil; 1H NMR (500 MHz, CDCl3): Results inconclusive. 
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Fig. 13. H1-NMR Spectrum of the Product of Reaction 3 
 
3.4. Gas Chromatography Analysis of Reaction Kinetics 
 
 The reaction kinetics of reactions 1 and 2 were analyzed by gas chromatography as 
described below. 
3.4.1. Creation of Standard Curves 
 
In order to analyze the kinetics of formation of product standard curves had to be created. 
Three standard solutions were created by adding 0.2 mol of the products from reactions 1 and 2 
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and biphenyl (internal standard) to separate vials containing exactly 10mL of ethyl acetate. The 
standards were then combined in 1.5mL GC vials. 100ul of the biphenyl standard were added to 
each of the vials. As seen in Table 1 the standards of the reaction products were added in varying 
volumes that ranged from 20ul to 250ul. Ethyl acetate was added to the vials to fill the 
unoccupied volume. Contents of the vials were analyzed by GC and a standard curve was created 
as shown in Figure 14. 
Vial # 
volume of 
product 1 
standard 
added (ul) 
volume of 
product 2 
standard 
added (ul) 
1 20 20 
2 40 40 
3 60 60 
4 80 80 
5 100 100 
6 130 130 
7 150 150 
8 170 170 
9 190 190 
10 210 210 
11 230 230 
12 250 250 
 
Table 1. Volumes of product standards added to each vial 
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Fig. 14. Calibration Curves 
 
3.4.2. Reaction Kinetics 
 
 Reactions 1 and 2 were set up according to the previously described method. To the 
reaction was added 0.1mmol of biphenyl to serve as an internal standard. 100ul aliquots were 
drawn up from the reaction every 18 minutes for 3 hours. The aliquots were filtered and injected 
into GC vials which were then filled with ethyl acetate. Reaction 2 was allowed to progress for 
another 20 hours with aliquots being taken every 2 hours. The vials were analyzed by GC to 
determine the concentration of product present at the different time intervals. This data was used 
to construct a graph showing the formation of product as a function of time as shown in Figure 
15. 
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Fig. 15. Graph of the Kinetics of "Click" Reactions Catalyzed by Cu(im)2 
 
4. Results and Discussion 
 
4.1. Synthesis of “Click” Reaction Products 
 
 Reactions 1 and 2 were found to have resulted in conversion of reactants to the desired 
triazole products. The 1H-NMR spectra of the products of reactions 1 and 2 show the presence of 
the pure 1,4 substituted triazole “click” reaction product, and no evidence of the 1,5 substituted 
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product or other unidentified contaminants. This data demonstrates that the copper containing 
MOF, Cu(im)2, was indeed able to act as a heterogeneous catalyst for “click” reactions 1 and 2. 
 Reaction 3 was found to be unsuccessful at converting the reactants to the desire triazole 
product. Analysis of the 1H-NMR spectrum of the product of reaction 3 shows that there may 
have been some product formed, but there is also evidence of a large amount of unreacted 
starting material and unknown compounds contaminating the sample. Furthermore, the reaction 
took on a bluish-green color after the reaction was complete, which suggests that some of the 
copper in the MOF had gone into solution.  
There are several possible explanations why reaction 3 did not result in successful 
heterogeneous catalysis. The reagent used in reaction 3 was ethyl propiolate, which is an ethyl 
ester that is susceptible to hydrolysis to the free carboxylic acid when heated in the presence of 
water. Under the conditions used for the reaction, which involved heating the ester and 
Copper(II) nitrate trihydrate in ethanol at 70 °C, it is likely that hydrolysis of some of the ester 
occurred. Coordination of the resulting free carboxylic acid to Cu(II) ions exposed on the surface 
and in the channels of the Cu(im)2 MOF would explain why the reaction did not go to 
completion, and also the loss of some alkyne from the reaction solution. Several copper 
containing MOFs have been synthesized previously in our group via hydrothermal synthesis 
using ligands that contain ethyl ester functional groups. During hydrothermal synthesis of those 
MOFs in ethanol at 70 °C, the ethyl ester was hydrolyzed slowly to the carboxylic acid by design 
to reduce the rate at which the acid group coordinated to Cu(II) ions. Given the similarity in 
conditions used for the click reaction and hydrothermal synthesis, we suspect that hydrolysis of 
ethyl propiolate to the free carboxylic acid occurred such that the carboxylic acid either was 
immobilized by exposed copper ions on the surface of the MOF, or formed coordination 
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complexes with the copper atoms in the MOF, causing the copper to become soluble and 
dissolve into solution as shown in Figure 16.The latter scenario would explain the observed blue-
green color of the reaction. Furthermore, even if some product was formed in this reaction it 
would still be considered to be unsuccessful, because the MOF did not remain entirely insoluble 
and thus was not a true heterogeneous catalyst. Therefore heterogeneous catalysis of “click” 
reactions involving esters cannot be carried out successfully using the Cu(im)2 MOF. 
 
 
 
 
 
 
Fig. 16. Possible Explanations for the Failure of Reaction 3 
4.2. Gas Chromatography Analysis of Reactions 1 and 2 
 
Summarized in Figure 15, the results of the GC analysis of reactions 1 and 2 showed that 
reaction 1 progressed at twice the rate compared to reaction 2. The rate of production of product 
in reaction 1 leveled off at around 100 minutes, whereas the rate for reaction 2 didn’t level off 
until 200 minutes. Furthermore the yield of reaction 1 (72%) was much higher than the yield of 
reaction 2 (39%). The reason for the differences in rates of reaction and yields of product can 
most likely be attributed to the structural discrepancies between the reagents phenylacetylene and 
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1-hexyne. Phenylacetylene, the alkyne used in reaction 1, contains an aromatic group in its 
structure in the form of a benzene ring. Considering the imidazole ligand used to construct the 
Cu(im)2 MOF is an aromatic group, the backbone of the MOF is largely aromatic in nature, and 
therefore more similar to phenylacetylene than it is to 1-hexyne, which does not contain any 
aromatic components. As described earlier, previous studies of sorption polyaromatic guest 
molecules (i.e., naphthalene, phenanthrene and pyrene) in our group by copper MOFs showed 
that MOFs composed of aromatic ligands exhibit selectivity for sorbing aromatic guests over 
nonaromatic guests. The structural similarity between the Cu(im)2 MOF and phenylacetylene 
likely resulted in phenylacetylene being adsorbed into the MOF at a faster rate than the 
structurally dissimilar 1-hexyne, resulting in a faster reaction rate for reaction 1. Furthermore, the 
longer dimensions of 1-hexyne may have made it more difficult for the molecule to diffuse into 
the MOF and for the triazole product to diffuse out of the MOF, which would result in the slower 
reaction rate and yields of reaction 2. 
5. Conclusions 
 
• The Cu(im)2 MOF successfully catalyzed Huisgen “Click” reactions between benzyl 
azide and phenylacetylene and 1-hexyne, but not ethyl propiolate. 
• Conversion of starting materials to 1,4-substituted triazole products was < 100%. 
• The rate of Reaction 1 was faster than the rate of Reaction 2, indicating that Cu(im)2 
adsorbs aryl alkynes at faster rate versus alkyl alkynes based on differences in the 
strength of intermolecular attractions or differences size. 
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• Catalysis by Cu(im)2 with an alkyne containing an ester functional group results in low 
conversion likely due to hydrolysis of the ester to the corresponding carboxylate, which 
can coordinate to Cu ions in Cu(im)2. 
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